Introduction
In 1965 Wright [38] was the first to recognize elevated serum alkaline phosphatase activity in up to 10% of adult epileptics receiving long term anticonvulsant therapy; in 1970 Richens and Rowe [33] described abnormalities in calcium metabolism in 29% of residential adult epileptics treated with high dosages of anticonvulsants. In 1968, Kruse [22] reported the presences of rickets occurring in institutionalized children who were mentally retarded and taking long term antiepi-/ leptic drugs, and in 1970 Dent et al. [10] described the occurrence of osteomalacia in adult epileptics. More recently, there have been several reports on this subject in the literature [3, 5, 9, 12-14, 19, 21, 23, 35, 36] .
Chronic phenobarbital ingestion has been shown to increase the rate of disappearance of 3 H-vitamin D 3 from plasma in humans (15) (16) (17) . Liver microsomes from phenobarbital-treated animals are capable of increasing hydroxylation of steroid hormones (7, 20, 24) and of converting 3 H-labeled vitamin D 3 and 3 H-labeled 25-OH-D 3 rapidly to more polar metabolites in vitro [15] . The serum concentrations of 25-OH-D 3 may be reduced in adult epileptics with lower serum calcium levels and elevated alkaline phosphatase activity [16] . A rapid disappearance of ( 3 H)cholecalciferol was reported in an infant with rickets while on long term anticonvulsant treatment [13] .
This report describes eight institutionalized, mentally retarded patients on long term anticonvulsant medication, who developed vitamin D-dependency rickets. The response to vitamin D 2 and dihydrotachysterol given in oral doses appropriate for treatment of nutritional vitamin D deficiency as well as the response to low doses of 25-OH-D 3 by mouth was evaluated. Prompt biochemical and radiographic improvements were induced with both large quantities of vitamin D 2 and with 50 IU/24 hr 25-OH-D 3 [25] .
Materials and Methods
The patients were children residents in Rosewood State Hospital, Owings Mills, Maryland. All were severely mentally retarded with marked cerebral palsy; they were bedridden, and lacked any exposure to sunlight. All received a diet adequate in calories, calcium, phosphate, and protein, although six had a weight at or below the third percentile. Three patients {patients DD, SH, and BH) suffered difficulty with feedings, and had been given three daily Sustagen tube feedings for 9-12 months prior to the study to fortify their diets. These tube feedings were tolerated well. The remainder of the patients were fed as well as the other children in the wards. The patients received supplemental vitamin D 2 in the form of multivitamin drops throughout life in addition to the vitamin D 2 in foods and fortified milk. A daily vitamin D 2 intake of approximately 800-1,200 IU had been taken by all since admission. All medications, including daily vitamin supplements, given in the wards housing the patients in this study were closely supervised by a single "medication's team" of nursing personnel. The eight patients in this study were on long term anticonvulsant therapy and were found to have biochemical and roentgenologic rickets during a survey of serum Ca, P, and alkaline phosphatase concentrations among 288 Rosewood State Hospital residents of less than 15 years of age. The results of this survey will be published elsewhere [26] . Some of the pertinent clinical data for these patients are summarized in Table I . None had clinical or biochemical evidence of liver, kidney, or intestinal disease.
The response to vitamin D therapy was evaluated by the changes in serum concentrations of calcium [39] , phosphorus [11] , and alkaline phosphatase [40] obtained after an overnight fast and by the changes occurring in long bone radiographs. The purified 25-OH-D 3 was dissolved in peanut oil at a concentration of 50 IU/ml [41] .
Results
The response to vitamin D 2 in doses of less than 6,000 IU/24 hr given orally to three patients is summarized in Table II . Patient KG failed to improve while taking 2,000 IU/24 hr day for 7 months. During this time, her serum alkaline phosphate remained high and the roentgenologic changes of rickets markedly worsened as shown in Figure \A . The two other patients (MStL and SH) failed to respond to 3,000 IU given daily for 3 and 4 weeks; SH was followed with an increased dos- 2 All patients were severely mentally retarded and had marked cerebral palsy. They were nonambulatory, lacked any exposure to sunlight, and had chronic recurrent infections. 8 Used prior to 3 years of age. 4 Used prior to 2 years of age. age of 6,000 IU daily for a further 2 weeks with no biochemical and roentgenologic evidence of improvement (Fig. 2) . Another patient, JC, failed to improve after one single oral dose of 0.5 mg of dihydrotachysterol (Table II) . He showed continued hypocalcemia, hypophosphatemia, elevated alkaline phosphatase activity, and radiographic rickets throughout the ensuing 40 days. However, patients with vitamin D-dependency rickets associated with long term anticonvulsants responded to larger doses of vitamin D 2 given orally (Table III) . One patient (MStL) showed healing within 2 months of 15,000 IU/24 hr without changes in anticonvulsants. Thereafter rickets healed and serum calcium, phosphorus, alkaline phosphatase, and bone radiographs have remained normal with 1,200 IU/24 hr for 1 year. A single oral dose of 600,000 IU vitamin D 2 produced a rapid response in blood chemistries (Table III) and in serial radiographs ( Fig. \A  and IB) . The two patients who received this treatment (DD and KG) had biochemical and radiographic evidence of rickets; DD showed a severe hypophosphatemia of 0.76 mg/100 ml. This patient had had a spontaneous fracture of the lower femur 9 months previously, and subsequently suffered another spontaneous greenstick fracture of the other femur ( Fig. IB) 3 days after blood was drawn in the survey of all children [26] . After the large single oral dose of vitamin D 2 , both patients showed a prompt elevation of serum phosphate concentrations within 5 days, but both had high values for the serum alkaline phosphatase activity for as long as 5 months. The x-rays showed evidence of healing within 2 weeks of vitamin D 2 administration (Fig. IA) .
In contrast, the response of patients to 50 U orally administered 25-OH-D 3 daily was prompt (Figs. 2, 3, and 4). A rapid rise in fasting serum phosphate levels was noted within the 1st week of therapy in the five patients given this medication. All but one (MM) at- 2 On day 3, vitamin D 2 , 2,000 IU/24 hr, was begun. 3 On day 7, vitamin D 2 , 3,000 IU/24 hr, was begun. 4 On day 2, vitamin D 2 , 3,000 IU/24 hr, was begun. 6 On day 23, vitamin D 2 was increased to 6,000 IU/24 hr. 6 On day 2, a single dose of dihydrotachysterol, 0.5 mg, was given orally.
tained serum phosphate levels above 3.5 mg/100 ml. In MM however, the serum phosphate rose from 1.1 to 2.9 mg/100 ml within 3 days of therapy, and after 1 month the level was above 3.5 mg/100 ml. The serum calcium levels decreased after treatment with 50 IU 25-OH-D 3 daily (Fig. 4) . In one instance (SH), a fall in serum calcium levels to 7.7 mg/100 ml within the first 4 days of therapy was noted. However, the serum calcium concentrations ranged between 7.2 and 9.3 mg/ 100 ml in all patients, although the hypocalcemia was asymptomatic. Patients JC and BH had persisting low serum calcium levels between 8.0 and 9.0 mg/100 ml even after 4 to 5 months of therapy. However, when the dose of 25-OH-D 3 was increased to 100 IU/100 ml by mouth, the serum calcium concentrations rose rapidly above 9.0 mg/100 ml (Fig. 5 ) in the two patients treated with this increased dosage (SH and MM). The serum alkaline phosphatase activity remained high in the patients treated with 25-OH-D 3 for as long as 6 months.
Radiographic improvement of rickets also occurred after treatment with small dosages of 25-OH-D 3 as shown in Figures 2 and 3 . Within 1 month of therapy there was evidence of healing in all patients. In patient CJ, who had mild rickets, this dose was sufficient to induce complete healing within 4 weeks. Patient JC had slow healing after 3 months of 50 IU 25-OH-D 3 daily but healing was complete after a further 2 months of 100 IU daily (Fig. 3) . However, persistent osteoporosis was still evident after 4-6 months of therapy in all patients.
One patient, patient CJ, received 25-OH-D 3 therapy for 1 month. During this time the serum Ca, P, and alkaline phosphatase activity were corrected and the Tables II and  III . B: patient DD. Radiographs of the knee. 1: greenstick fracture of the lower femur with severe rickets; 2: healing evident with calcined osteoid, 40 days after a single oral dose of 600,000 IU vitamin D 2 . Radiographic healing of rickets was seen after 3 months but osteoporosis was still present. Serum chemistries for patient DD shown in Table III . 4 On day 2 a single dose of vitamin D 2 , 600,000 IU, was given. 5 On day 211 a single dose of vitamin D2, 600,000 IU, was given.
radiographic rickets was markedly improved. After this medication was stopped she continued to improve and there was no evidence of rickets 4 months afterward, although the alkaline phosphatase activity remained slightly higher than normal. There has been amelioration in the frequency and severity of convulsions in some of these patients after rickets was treated. Patients KG, SH, JC, and MM had a reduction in seizure activity while on the same dose of anticonvulsant therapy. Patient SH, who had 6-10 seizures/24 hr, now has had no seizures at all.
Discussion
The eight patients described further illustrate the association of vitamin D-dependency rickets and osteomalacia in institutionalized epileptics taking long term anticonvulsant therapy, and add to the growing literature on this subject [ vitamin D-dependency rickets may occur in association with long term anticonvulsant medication, despite the prophylactic administration of conventional doses of vitamin D 2 . A 3.5% incidence of definite biochemical and radiographic rickets was demonstrated in our survey of 288 institutionalized residents of less than 15 years of age [26] . Rickets occurred in 7.0% of patients who were taking anticonvulsants, particularly those receiving a combination of anticonvulsants for more than 1 year. The patients with rickets lacked any exposure to sunlight and had chronic recurrent infections throughout life [25, 26] .
Healing of rickets was rapidly induced with pharmacologic doses of vitamin D 2 appropriate for a deficiency state of the vitamin. Single doses of 600,000 IU vitamin D 2 induced prompt healing in two of our patients. In one report 50,000 IU of vitamin D 2 given daily also induced rapid recovery [5] . Less than 6,000 IU vitamin D 2 therapy given daily even for prolonged periods may fail to induce healing changes, as seen in three of our patients and as reported by others [5, 16] . Small doses of 25-OH-D 3 given daily by mouth, however, induced rapid healing in our patients.
It has been shown by Avioli [1] and DeLuca [8] that calciferol must be transformed metabolically before becoming biologically active: i.e., a 25-hydroxylation reaction to form 25-OH-D 3 in the liver, and a 1-hydroxylation step to 1,25-dihydroxycholecalciferol in the kidney. The hypothesis that vitamin D 3 must be enzymatically converted in the liver to 25-OH-D 3 has been supported by several lines of evidence [4, 29, 32] . Reduced serum levels of 25-OH-D 3 have been found in patients with disturbed calcium metabolism while on long term Dilantin and phenobarbital therapy [17] . The fact that our patients responded to small daily doses of 25-OH-D 3 given orally suggests an interference in the formation of 25-OH-D 3 from calciferol in patients on long term anticonvulsant therapy.
It has been postulated that an accelerated catabolism of vitamin D 2 and 25-OH-D 3 is present in patients who receive anticonvulsant medication [15, 16, 33] . This hypothesis has been supported by several lines of investigation in vivo. Experimental data has shown an increased hepatic microsomal enzyme activity with increased hydroxylation of steroid hormones [7, 20, 24] , an increased disappearance rate of injected 3 H-labeled vitamin D :j in humans and rats treated with phenobarbital, and an increased formation of more polar metabolites which lack biological activity [7, 15, 16 ]. An increased disappearance rate of injected 3 H-vitamin D 3 was also shown in a child with vitamin D-dependency rickets associated with anticonvulsant medication [13] . However, the prompt response elicited with small amounts of 25-OH-D 3 in our patients could not be explained by a short half-life of vitamin D 2 and 25-OHD 3 . The decreased serum 25-OH-D 3 level [17] may reflect a decreased formation of this metabolite rather than accelerated metabolism.
Despite a wide clinical usage of anticonvulsant drugs in various combinations for many years, reports of rickets and disorders of calcium metabolism have been relatively sparse except for those concerning institutionalized patients. Livingston [27] has tested routinely thousands of children coming to his outpatient department without discovering a single case of rickets. The serum levels of 25-OH-D 3 have been correlated with the dosage of anticonvulsants [17] . The possibility that more brain-damaged, severely retarded institutionalized children had more refractory seizures could be considered. However, none of our patients with rickets received excessive dosages of anticonvulsant drugs per kilogram of body weight. Rickets was found only in nonambulatory, severely retarded patients with cerebral palsy who lacked exposure to sunlight and had chronic recurrent infections. Patients who had normal outdoor activities had no rickets despite long term anticonvulsant therapy [25, 26] .
Rats fed Dilantin did not develop rickets [6] . Harrison and Harrison [18] found similar results with other anticonvulsants. It would seem from the above that there may be other contributing factors in institutionalized patients who develop vitamin D-dependency rickets while taking long term anticonvulsant drugs.
Lack of sunlight exposure may be an important factor in the development of rickets in institutionalized patients. It was of interest that Dent et al. [10] used ultraviolet light treatment on his patients with success as an adjunct to vitamin D therapy. Chronic infections have been associated with rickets for a long time. Park demonstrated the effect of bacterial infections on the development of rickets [30, 31] . All of our patients with vitamin D-dependency rickets frequently had pneumonia, other infections, and chronic dental abscesses.
Our patients showed a tendency toward falling calcium levels after starting 25-OH-D 3 therapy. This was probably the effect of the low doses used, since the bone uptake of calcium exceeded the supply. A direct effect of 25-OH-D 3 on bone calcium transport has been postulated since stimulation of bone resorption in tissue culture by this metabolite has been shown [37] . After therapy, the alkaline phosphatase levels were slow to fall in our patients. Again, the low doses of vitamin D 2 used, and persistent bone disease, may be the explanation. However, it has been shown that the liver alkaline phosphatase isoenzyme might be considerably elevated in some of these patients [16] . In all of our patients the liver isoenzyme proved to be a major component of the total serum alkaline phosphatase levels, even though considerable bone disease was present [28] .
The vitamin D 2 metabolite, 25-OH-D 3 , employed for treatment of these patients has been shown to be more potent and to have a more rapid onset of action than vitamin D 3 itself [4] . Comparative studies in rats showed that 25-OH-D s possessed 1-4 times the biological activity of vitamin D 3 [4] and in children with various forms of rickets the maximum antirachitic potency of 25-OH-D 3 was 5-8 times that of the parent vitamin [2] . Since only 50 IU 25-OH-D 3 were used in this study, the healing effect of the daily dose was impressive. Of interest was the apparent prolonged action of 25-OH-D 3 . One of our patients healed after 1 month of therapy with 50 IU/24 hr of these compounds and had no evidence of relapse 4 months after therapy was discontinued. This speaks against an effect of anticonvulsants in accelerating the degradation of 25-OH-D 3 [15, 16, 33] . The half-life of 25-OH-D 3 has been shown to be 19.6 ± 0.6 days in man [34] . At present there is no evidence that this metabolite can be stored in the body. However, others have also reported a persistent effect of 25-OH-D 3 in healing various types of rickets [2] .
In treating these patients with vitamin D-dependency rickets associated with long term anticonvulsant Rickets and long term anticonvulsants 921 medication, moderately large doses of vitamin D had to be administered either as a large single dose, or as smaller daily doses [5] . One patient healed satisfactorily on 15,000 IU vitamin D 2 given daily. If 25-OH-D 3 were to be used, ideally the dose should be several fold those used in this study in order to hasten recovery and to avoid hypocalcemia.
Prophylactic vitamin D 2 therapy at dosages several fold that usually employed should be given to institutionalized epileptic children on long term anticonvulsant therapy. In addition, regular checks of serum alkaline phosphatase, calcium, and phosphates are necessary, as well as long bone radiographs when indicated by abnormal results of the serum analysis. It was of considerable interest that the frequency and severity of convulsion ameliorated with vitamin D therapy and healing of rickets. The mechanisms of this effect can only be speculative; however, further studies are indicated.
Summary
Fifty units per 24 hr of 25-OH-D 3 promptly induced healing in children with vitamin D-dependency rickets associated with long term anticonvulsant therapy who had shown resistance to doses of vitamin D 2 of less than 6,000 IU/24 hr. Inasmuch as the potency of 25-OH-D 3 has been calculated to be 5-8 times that of vitamin D 2 , these observations suggest that the pathogenesis of rickets in mentally retarded individuals on long term anticonvulsant therapy may be the result of an interference of the conversion of cholecalciferol to 25-OH-D 3 . The severity of convulsions in these patients showed an improvement coincident with healing of rickets.
